, its target miR34bc was reduced, whereas strong and specific induction of miR449 was observed along with an increase in E2f4, that induced transcriptional response from miR449 genomic regions. Depletion of both TAp73 and miR449 resulted in defective multiciliogenesis in the brain and hydrocephalus, indicating that miR449 and potentially additional pro-ciliogenic factors cooperate with TAp73 to ensure brain multiciliogenesis and CP development.
Introduction
Cilia are hair-like appendages protruding from the cell membrane into the surrounding environment. While single immotile primary cilia are a common organelle of most mammalian cells, motile cilia are restricted to a subset of cell types. This subset includes multiciliated cells (MCCs) lining the ventricles of the brain, the tracheal and bronchial epithelium as well as the epithelium of the efferent ducts (EDs) and fallopian tubes (FTs) in the male and female reproductive tract, respectively 1 .
Motile multiciliogenesis requires precise regulation of the production, transport and assembly of a large number of different structural components, a process critically dependent on a hierarchical network of transcriptional and posttranscriptional regulators 2 . Geminin Coiled-Coil Domain Containing 1 (GEMC1) [3] [4] [5] and multiciliate differentiation and DNA synthesis associated cell cycle protein (MCIDAS or Multicilin) [6] [7] [8] , members of the Geminin family, are early regulators of the MCC fate, downstream of the NOTCH pathway. Inhibition of the NOTCH pathway e.g. by microRNA-449 (miR449) is required for multiciliogenesis through de-repression of the transcriptional network of GEMC1, MCIDAS, E2F transcription factors (E2F4, E2F5), forkhead box J1 (FOXJ1), and vmyb avian myeloblastosis viral oncogene homolog (MYB) 9, 10 . Disturbance of the molecular circuit leads to defective multiciliogenesis and ciliopathies in the airways, reproductive tracts and the brain.
Transformation related protein 73 (Trp73) is a member of the p53 family with distinct isoforms generated from two alternative promoters: isoforms containing the N-terminal transactivation domain (TAp73), and N-terminally truncated dominant-negative isoforms (ΔNp73). Recently, we and others showed that TAp73 is essential for airway multiciliogenesis 11, 12 . Gene expression analysis and chromatin immunoprecipitation (ChIP) identified TAp73 as a critical regulator of multiciliogenesis: TAp73 acts downstream of E2F4/MCIDAS, and regulates the expression of FOXJ1, RFX2, and RFX3 in pulmonary tissues 11, [13] [14] [15] [16] .
The FT of the female reproductive tract can be subdivided in isthmus, the ampulla, and the infundibulum. MCCs within the FTs possess hundreds of motile cilia beating in a wave-like manner which, along with musculature contraction, moves the oocyte or zygote towards the uterus [17] [18] [19] . Defects in ciliary functions may lead to ectopic pregnancies or infertility 18, 20 . In the male reproductive tract, MCCs in the EDs transport the spermatozoa from testis to epididymis (Epi) 21, 22 .
MCCs in the brain can be found in a single layer of ependymal cells facing the ventricles and choroid plexus (CP). The CP epithelium, a specialized secretory epithelium that secretes cerebrospinal fluid, arises from monociliated progenitors in the roof plate around embryonic day (E) 12 23, 24 . Ependymal cells in mice are specified around day E16 and form multiple motile cilia on the apical surface after birth to facilitate cerebrospinal fluid movement 25, 26 . Defects in the ependymal and CP lineages are implicated in aging, hydrocephalus, and brain tumors 27, 28 .
In this study, we detected robust TAp73 expression in MCCs in diverse tissues. Consistently,
TAp73 loss leads to a profound reduction of multiciliogenesis in the FTs and EDs and a significant loss of activity in the TAp73-dependent transcriptional network. However, TAp73 is dispensable for functional MCCs in the brain, which maintains a robust multiciliogenesis program. Molecular studies revealed significant alterations in pro-ciliogenic factors of the miR-34/449 family in the brain of TAp73 -/-mice: reduced expression of the TAp73 target miR34bc is concurrent with a strong miR449 induction, suggesting that the increase in miR449 might partially rescue brain ciliogenesis in the absence of TAp73. Indeed, loss of both TAp73 and miR449 leads to a dramatic loss of multiciliogenesis in the CP and severe hydrocephalus. Therefore, the molecular network governing multiciliated cell fate is subjected to tissue-specific feedback modulation.
Materials and Methods

Animals
TAp73 mutant mice with targeted deletion of exons 2 and 3 of the Trp73 gene were a generous gift from Dr. Tak Mak (Princess Margaret Cancer Centre, Toronto, Canada) 29 . miR449 mutants were previously described 30 . Both strains were maintained in C57Bl/6 background (n8) at the animal facility of the European Neuroscience Institute Göttingen, Germany in full compliance with 5 institutional guidelines. The study was approved by the Animal Care Committee of the University Medical Centre Goettingen and the authorities of Lower-Saxony under the number 16/2069.
Human samples
Human epididymis samples were procured with informed consent from two patients (42 and 41 years of age, respectively). All experimental procedures were approved and performed in accordance with the requirements set forth by Ethics Committee of the University Medical Centre Goettingen (application number: 18/2/16).
Histology and immunostaining
Paraformaldehyde-fixed, paraffin-embedded tissues were treated with heat-induced epitope retrieval using Rodent Decloaker (RD913 L, Biocare Medical). For immunohistochemistry, endogenous peroxidase activity was quenched with 3% H2O2 for 10 min. Tissue sections were blocked with 10% fetal calf serum (FCS) in phosphate buffered saline (PBS) with 0.1% Triton X-100, and subsequently incubated with primary antibodies (List of antibodies in Table 1 ).
Biotinylated secondary antibodies were applied for 1 h at room temperature (List of antibodies in Table 2 ), after which avidin enzyme complex and substrate/chromogen were used for color development (Vector laboratories). Stained tissue sections were counterstained with hematoxylin.
For immunofluorescence, sections were stained with fluorescently labeled secondary antibodies (List of antibodies in Table 2 ) for 1 h at room temperature. Nuclei were counterstained with DAPI. 
Quantification of cilia markers
Cilia were quantified using ImageJ software 31 . Briefly, the region of interest was selected and a threshold was set to exclude unspecific background signals. The Analyze Particles tool was used to measure the area of the ciliary staining. Values were normalized to the length of the epithelia measured.
Western blot
Samples were homogenized in RIPA buffer (20 mM TrisHCl pH 7.5, 150 mM NaCl, 9.5 mM EDTA, 1% Triton X100, 0.1% SDS, 1% sodium desoxycholate) supplemented with urea (2.7 M) and protease inhibitors (Complete Mini EDTA-free, Roche). Equal amounts of protein extracts were separated by SDS-polyacrylamide gels prior to transfer onto a nitrocellulose membrane and incubated with primary antibodies (List of antibodies in Table 1 ). The membrane was washed and incubated for 1 hour with horse radish peroxidase (HRP)-conjugated secondary antibodies (List of antibodies in . Novel miRNAs were searched for using miRDeep2 version 2.0.0.5 36 .
Differential expression of small RNA was determined by DESeq2
37
, where sRNAs were considered differentially expressed with an adjusted p-value <0.05 and absolute log2 fold-change >1. The results of the DE analysis can be found in Supplementary Table S1 , and the sRNA-seq data sets can be found in Gene Expression Omnibus (GEO) with accession number GSE108385. 
Chromatin immuno-precipitation (ChIP)
Chromatin was harvested from Saos2 cells transiently overexpressing TAp73α, TAp73 and the control vector pcDNA3.1. ChIP and qPCR was performed as previously described using gene specific primers (List of primers in Table 4) 11 . Enrichment levels were determined as the number of PCR products for each gene relative to total input.
Mcidas NM_001037 914 137 Ex7 Table 4 . Sequence information for primers used in ChIP-qPCR.
Luciferase assay
Luciferase assay was performed as previously described 11 . Briefly, Saos2 cells were transfected with pcDNA3.1 empty vector, or pcDNA3.1 vector carrying E2F4 or MCIDAS, or both E2F4 and MCIDAS vectors. Moreover, a firefly luciferase reporter construct containing the putative three wild type E2F-binding sequence of miR449 genomic region (wild type, or "WT"), or the same sequence lacking the strongest predicted E2F-binding motif (mutant, or "Mut") were transfected ( Table 5 ). In addition, a Renilla TK luciferase vector was co-transfected. At 24 h after transfection, cells were harvested and the luciferase activities were measured using the dual luciferase assay.
Firefly luciferase activities were determined relative to those of Renilla TK luciferase vector and normalized to the mean value of samples from the control vector. 
Gene Forward primer Reverse primer
FOXJ1 down 5'-CAGCATGCCCAGAAGCTTTG-3' 5'-TCAGGGGCTGCATTCTTCC-3' FOXJ1 end 5'-AGGGCACACTTAGCCTTTG-3' 5'-AGGAGACAAAGGGAGGAGG-3' DNAI1 5'-CCCAAGCGGGGTAATCTCT-3' 5'-CTTGAGGTTGTGGGACTTCAC-3' DNALI1 5'-CACGCCCGGCAAATTTCTG-3' 5'-CAAGGTGGGCAGATCATGTG-3'
Video microscopy
Murine fallopian tube and testis connected to the epididymis were dissected and transferred to Dulbecco's Modified Eagle's Medium (DMEM, Thermo Fisher Scientific). To image spermatocytes, the epididymis was separated from testis and vas deferens. An incision was made at distal end to release to spermatocytes. Spermatocytes as well as the peristaltic contraction of the fallopian tube was imaged with an inverse microscope.
Imaging of cilia-generated bead-flow and cilia beating in the brain ventricular system
Mouse brains were dissected and transferred to DMEM 21063 (Thermo Fisher Scientific). Lateral ventricle (LV) and ventral third ventricle (v3V) were prepared from a 1 mm coronal slice, a 3 mm slice, and two 1 mm slices in a coronal adult brain matrix (ASI Instruments) as previously by differential interference contrast (DIC) microscopy using the same set-up. Bead movement was recorded using a high-speed camera operated by MultiRecorder Software (Cascade II-512, Photometrics) and analysed using ImageJ software 31 .
Statistical Analysis
One-tailed, unpaired Student's test assuming normal distribution was used to calculate statistical significance for pairwise comparisons. Luciferase assay statistics were assessed using one-way ANOVA assuming normal distribution followed by Dunnett's multiple comparison tests. The following indications of significance were used: *P<0.05, ** P <0.01, *** P <0.001. N values represent biological replicates. Error bars indicate standard error of the mean (SEM).
Results
TAp73 is expressed in diverse multiciliated epithelia in development and adulthood
We and others previously showed that TAp73 expressed in respiratory epithelia controls multiciliogenesis 11, 12 . However, little is known about the expression and function of TAp73 in other multiciliated cell types. To this end, quantitative PCR with reverse transcription (RT-qPCR) revealed abundant TAp73 mRNA in ciliated tissues including efferent ducts (EDs), fallopian tubes (FTs), and brain ventricles/choroid plexus (CP), in addition to the testis as previously described 39, 40 (Fig. 1a) . In humans, we identified nuclear localization of P73 in FTs and EDs (Fig. 1b-e) . In mice, TAp73 expression was detected in ependymal and CP epithelial cells ( Fig. 1f and g ). During ( Fig. 1h) . Notably, a portion of the roof plate exists between the progenitors and CP epithelium that remains undifferentiated after cell cycle exit (KI-67 -/AQP1 -) (Fig. 1h) . In contrast to progenitors with a solitary primary cilium, the "transition" zone is comprised of MCCs that exhibit P73 expression at day E14.5 ( Fig. 1i) . Altogether, these data suggest a role for TAp73 in multiciliogenesis in reproductive tracts and the brain.
TAp73 is crucial for the molecular circuit of multiciliogenesis in efferent ducts
Loss of TAp73 leads to male infertility that has been attributed to defective spermatocyte production 39, 40 . However, flagellated and motile spermatocytes are present in TAp73 -/-mice, though at markedly reduced levels ( Fig. 2a; Supplementary Video S1a-d) , suggesting that additional defects as a result of TAp73 loss may contribute to infertility in these mice. The multiciliated epithelium of the ED is involved in gamete transport from the testis to the epididymis, sperm concentration, and maturation 21, 42 , all essential aspects of male fertility 43 . Indeed, though no gross morphological differences were observed in EDs between control and TAp73 knockout (KO) animals (Fig. 2b) , staining of the cilia components acetylated alpha-tubulin (Ac-α-TUB) and axonemal dynein DNAI1 revealed a dramatic reduction in the number and length of cilia in the EDs of mutant mice ( Fig. 2c and d) , resembling the loss of airway cilia in these mice. ChIP followed by quantitative PCR (ChIP-qPCR) revealed significant enrichment of TAp73 in genomic loci of FOXJ1 and the axonemal dyneins DNALI1 and DNAI1 ( Fig. 2e ; ChIPseq track depicted in Supplementary Fig. S1 ). Accordingly, protein products of DNAI1 and DNALI1 and transcript products of Dnali1, Foxj1, Rfx2, and Rfx3 were reduced or almost completely lost in male reproductive ducts of TAp73 KO animals (Fig. 2f, g and h, respectively) . Together, our results indicate that TAp73 directs Dnali1 and Dnai1 in addition to known critical nodes including Foxj1, Rfx2, and Rfx3 in EDs ( Fig. 6a and b) .
TAp73-driven network of transcription factors regulates multiciliogenesis in fallopian tubes
Though female infertility is associated with the loss of TAp73, it is thought to arise from the failure of oocyte release from the ovary and oocyte progression along the FTs 29 ( Fig. 1b) , it remains unclear how TAp73 loss affects the gamete transport. To address this, we examined the FTs of TAp73 KO animals and found a profound reduction in cilia coverage in the oviduct epithelium despite normal tubal morphology ( Fig. 3a and b) . Similar to observations in TAp73 -/-EDs, protein products of genes bound by TAp73 (Fig. 2e) such as FOXJ1, DNAI1 and DNALI1 (all expressed in the human FTs, cf. Supplementary Fig. S2 ) and transcript products of Dnali1, Foxj1, Rfx2, and Rfx3 were significantly reduced in TAp73 -/-FTs ( Fig. 3c and 3d, respectively) . However, the loss of the TAp73-driven multiciliogenesis program in FTs was not as profound as in EDs. Further, evaluation of the smooth muscle contraction pattern in FTs revealed no difference between control and TAp73 KO animals ( Supplementary Video S2a and b) . Therefore, these data indicate that loss of TAp73 leads to reduced multiciliogenesis in the oviduct that may cause defective oocyte transport 29 (Fig. 6c) .
Ciliary function in the brain is unaltered in the absence of TAp73
The expression of TAp73 in ependymal and CP epithelial cells (Fig. 1a, g and i) , along with recent studies suggesting the role of MCIDAS/E2F4 in multiciliogenesis of these cells 7, 44, 45 , led us to examine the role of TAp73 in MCCs in the brain. Morphological and gene expression studies revealed no apparent defect in ependymal cells and the CP in TAp73 KO brains and confirmed lack of P73 expression ( Fig. 4a and b) . We performed immunostainings for the cilia markers Ac-α-TUB, DNAI1, and ADP-ribosylation factor-like 13b (ARL13B; 46 ) in the lateral and 4 th ventricle.
In contrast to FTs and EDs, our results showed that the number and length of cilia from ependymal and CP cells in TAp73 -/-animals are similar to those of control animals ( Fig. 4c and e; Supplementary Fig. S3a and b) . Consistently, ciliary beating and bead flow in cerebrospinal fluid appeared unaffected by TAp73 KO ( Fig. 4d; Supplementary Video S3a and b) . Furthermore, no significant difference was observed in the expression of markers for epithelial differentiation of CP between control and TAp73 -/-animals ( Supplementary Fig. S3c-f) . RT-qPCR analysis demonstrated comparable expression of Dnali1 and Foxj1, whereas increased Rfx2 and Rfx3 mRNA levels were observed in brain ventricles of TAp73 KO mice (Fig. 4f) . Taken together, these results indicate that the function of MMCs in the brain remains intact despite the loss of TAp73 (Fig. 6d) .
TAp73 functions through posttranscriptional codes in brain multiciliogenesis
Besides transcription factors, TAp73 utilizes posttranscriptional mechanisms involving micro RNAs. Consistently, sequencing of small RNA species from brain ventricles revealed significant reduction in miR34bc ( Fig. 5a ; complete small RNA sequencing results in Supplementary Table   S1 and in GEO under accession number GSE108385), reminiscent of findings in TAp73 -/-airways.
Remarkably, our analysis also showed a strong induction of the miR449 cluster ( Fig. 5a; Supplementary Table S1 ; GSE108385) that together with miR34bc regulates multiciliogenesis in different tissues across species 30, [47] [48] [49] . In agreement with this, miR449 is predominantly expressed in the CP and increases significantly by over 10-fold upon TAp73 loss in ventricles ( Fig. 5b and c) , but not in FT nor ED preparations ( Supplementary Fig. S4 ) 50 .
miR449 is known to suppress the NOTCH pathway, thereby activating the transcriptional cascade involving MCIDAS/E2Fs 3, 6, 8, 44, 48 . Though only a slight and non-significant increase in the transcript levels of Mcidas were observed, the expression of E2f4 in brain ventricles was significantly increased in TAp73 KO mice compared to control animals (Fig. 5c) . Previous reports showed that miR449 can be activated by E2F1 51, 52 . Given the conserved binding motif of the E2F transcription factors, we isolated the genomic region of miR449 (miR449 is embedded in CDC20B gene) containing putative E2F binding sites to assess interaction with MCIDAS/E2F4 in a luciferase reporter assay. Indeed, MCIDAS in combination with E2F4 elicited a strong transcriptional response from the miR449 locus, a reaction strongly reduced by mutating the strongest of the three putative E2F binding sites ( Fig. 5d ; materials and methods Fig. 5e; Supplementary Fig. S5a ).
Analysis of ARL13B expression revealed that, though miR449 loss alone resulted in a significant decrease in the length of cilia in CP epithelial, a more pronounced reduction in cilia was observed in TAp73xmiR449 KO mice ( Fig. 5f and g; Supplementary Fig. S5b ). No significant difference was observed in the expression of genes normally found in CP epithelial cells among wild type, TAp73 KO, miR449 KO, and TAp73xmiR449 KO animals ( Supplementary Fig. S5c-e) . Despite the role of NOTCH signaling in CP development and tumorigenesis 28, 53 , RNAscope studies revealed similar expression of NOTCH pathway targets Hes1 and Hes5 in the roof plate of control,
miR449
-/-and TAp73xmiR449 KO embryos at day E14.5 ( Supplementary Fig. S6 ), indicating normal NOTCH pathway activity in the absence of miR449. Together, our data indicate that TAp73 utilizes the unique topology of its transcriptional network to communicate with the miR-34/449 family and other crucial regulators of motile multiciliogenesis e.g. E2F4/MCIDAS to regulate brain ciliogenesis (Fig. 6 e) .
Discussion
TAp73 activates a plethora of ciliogenic effectors to drive multiciliogenesis in the airways 11, 12 . The In TAp73 -/-males, consistent with previous reports, we found partial degradation of the germinal epithelium and reduced sperm cell production 39, 40 . However, although reduced in number, spermatocytes in TAp73 KO are morphologically normal with beating flagella, raising questions about the underlying causes of sterility in these mice. The efferent ducts connecting testis and epididymis comprise multiciliated cells that are required for the transport of spermatozoa to their storage and maturation location. Our present work reveals that male sterility in mice with defective multiciliogenesis e.g. TAp73 -/-mice can at least partially be attributed to defective ED epithelia.
Hence, the integrity of MCCs is critical for reproductive health.
Disruption of transcriptional regulators of multiciliogenesis consistently leads to infertility in mice and humans 3, 54 , while fertility issues have been reported in female primary ciliary dyskinesia patients 19, 20 . Importantly, TAp73 is downregulated as women age 55 , whereas certain single nucleotide polymorphisms in TP73 are associated with female patients over 35 years of age seeking in vitro fertilization treatment 56, 57 . However, further studies using tissue-specific deletion of TAp73 are necessary to delineate its role in reproductive motile cilia maintenance and fertility.
During embryogenesis, robust TAp73 expression is initiated at the onset of multiciliated differentiation of ependymal and CP epithelial cells. However, our data indicate that the generation of beating multiciliated cells in the brain appears independent of TAp73, although we cannot exclude that TAp73 KO generates more subtle defects such as in polarity and cilia orientation. In contrast to the dynamic TAp73-dependent program in the airways and reproductive tracts, the expression of Foxj1, Rfx2, and Rfx3 in the TAp73 -/-brain remains unaltered and exhibits a slight increase, respectively, suggesting that other effectors maintain the molecular circuit to support MCCs.
Previous studies revealed robust expression of GemC1 and E2f/Mcidas, all of which are capable of transcriptional activation of Foxj1, TAp73 itself, and many other ciliogenic effectors e.g. Rfx2
and Rfx3 in MCCs of the brain 4, 6, 8, 44, 58 .
Indeed, E2F4/MCIDAS activity is induced in response to
TAp73 loss, and therefore may facilitate brain multiciliogenesis in the absence of TAp73. In agreement, loss of either MCIDAS or GemC1 leads to defect in MCC differentiation and hydrocephalus 3, 6 .
Although it is less clear how TAp73 loss results in enhanced MCIDAS/E2F activity, a quick look downstream of TAp73 provides some clues: a decrease of the TAp73 target mir34bc is accompanied by an increase in miR449 in the absence of TAp73. miR449 induction is commonly observed in miR34-deficient MCCs, whereby ablation of the entire miR-34/449 family impairs multiciliogenesis 30, 59 . miR449 is also known to inhibit the NOTCH pathway to relieve the suppression of multiciliogenesis; however, NOTCH pathway activity in the CP remains unchanged after miR449 loss. Given the diverse targets of the miR-34/449 family, it is plausible that miR449 may enhance MCIDAS/E2F activity independent of NOTCH inhibition. Conversely, transcriptional activation of miR449 by MCIDAS/E2F complexes may complete the feedback loop to keep the molecular circuit fully engaged in the absence of TAp73.
This interpretation posits that the crosstalk between miR449 and MCIDAS/E2F serves as a crucial backup for TAp73-driven circuitry in the brain. Indeed, depletion of miR449 in the absence of TAp73 results in defective ciliogenesis, indicating that TAp73 functions through miR-34/449 family to generate MCCs in the brain. Of note, complete loss of miR-34/449 family does not recapitulate the hydrocephalus phenotype observed in mice lacking both TAp73 and miR449 30, 60 . In addition, hydrocephalus and secondary cilia depletion were described for p73 KO mice lacking all isoforms, but were not observed in TAp73 mutant animals, suggesting a potential role for ΔNp73 isoforms 61, 62 . Taken together, the molecular interactome of the p73 family in brain ciliogenesis is fascinatingly complex and just beginning to unravel.
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